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Abstract:
Alpine stream diversity is due in part to different hydrological sources including
snowpack, surface glaciers, and rock glaciers; climate change threatens to homogenize these
sources. Surprisingly little is understood about algal communities in these stream types. We
characterized algal communities and water chemistry among ten alpine streams from these
sources in the Teton Range, Wyoming, USA. Late summer sampling (2019-2021) included
diatoms, anions, cations, and water quality parameters. Data were analyzed using one- and twoway analysis of variance, principal component analysis, and nonmetric multidimensional scaling.
There were statistically significant differences among some or all hydrologic sources for
temperature, dissolved oxygen, conductivity, bicarbonate, calcium, and sulfate; however, there
were no significant annual variation within each stream type. Icy seeps were characterized by the
highest conductivity (mean 123.23 uS/cm) associated with high calcium, magnesium, and
potassium concentrations. Icy seeps had moderate diatom densities (mean 409 cells/mm2) and
low diversity (mean 12) dominated by upright Gomphonema spp. Surface glacier-fed streams
had the lowest conductivity (mean 5.50 uS/cm) and lowest streambed stability. Diatom densities
and species richness were lowest in surface glacier-fed streams (mean 50 cells/mm2 and mean
11, respectively). Snowmelt-fed streams were characterized by high temperature, highest diatom
densities (mean 1,570 cells/mm2), and highest species richness (mean 21). Both surface glacier
and snowmelt-fed sites were dominated by Hannaea arcus, Odontidium mesodon, and
Encyonema spp. This research centers around the valuable baseline data describing little-known
algal communities of alpine streams representing a heterogeneity of hydrologic sources and will
be vital to monitoring change as the climate warms.
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Introduction:
Increases in average global surface temperatures and glacial melting are putting alpine
ecosystems at worldwide risk (Brown et al. 2007). Alpine streams are characterized by cool
temperatures, high turbulence, and fluctuations in discharge based on seasonal and diurnal
temperature changes; as climate change continues and temperatures rise, water temperatures in
alpine streams are likely to also rise (Hieber et al. 2001, Brown et al. 2003). In alpine streams,
water temperatures increase with increased distance from the meltwater source. Ideal
temperature ranges for cold water organisms will be found progressively further upstream and
closer to the meltwater source as water temperatures warm (Finn et al. 2010). Cold water
organisms, including macroinvertebrates and diatoms, could eventually be confined to reaches
immediately below the snowpack or glacier outflow, where water temperatures are the coldest
(Bahls 2017). In extreme cases, glaciers can melt entirely, and isolated cold-water organisms will
lose their habitats (Bahls 2017). Surface glaciers and annual snowpack are negatively affected by
these increasing atmospheric temperatures (Hinzman et al. 2005) as well as diurnal changes in
solar intensity (Webb et al. 2017); however, icy seeps might become a refuge in alpine
ecosystems. Because of insulation provided by the rock and other debris covering icy seeps, they
can persist on landscapes when surface glaciers have melted away (Brown et al. 2007, Brighenti
et al. 2021). This could allow streams from icy seeps to be a potential refugia for cold water
organisms in alpine stream communities.
Hydrologic sources for alpine streams can include melt water from both ice and snow. Ice
melt-fed streams can be further classified into surface glacier-fed and icy seep-fed ecosystems.
Icy seeps include landforms like rock glaciers and other melt sources with rock and ice
interaction. Snowmelt-driven streams are formed by annual snowpack and melt quickly when
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atmospheric temperature rises (Evan and Eisenman 2021). Typical surface glaciers form when
annual snowpack accumulates over many years, recrystallizes, and compacts. They melt on a
seasonal and diurnal basis due to solar radiation fluctuations. Icy seeps are streams that are fed
by both rock glaciers and any subterranean ice (Brighenti et al. 2021). Rock glaciers can form as
surface glaciers become covered with rock debris (i.e., ice core rock glacier), or ice can fill the
interstitial spaces between rocks and boulders in a debris pile (i.e., ice cemented rock glacier)
(Haeberli et al. 2006, Beirman 2014). Additional icy seep sites can include areas like ice caves,
where blocks of ice are enclosed within caves. The rock debris covering icy seeps prevents high
rates of ablation seen in snowpack and surface glaciers because debris and rocks act as a shield
from solar radiation. Because of this insulation it is possible for icy seeps to remain on the
landscape after snowpack and surface glaciers have melted with increasing climatic warming.
Increased interaction between ice and rocks can also lead to higher specific conductivity values
in icy seep meltwater, compared to snowmelt-fed and surface glacier-fed streams in similar
geologic basins because of increased rates of chemical weathering (Robinson and Kawecka
2005, Fegel et al. 2016).
Range-restricted, endemic organisms that are dependent on cold water are particularly
vulnerable because loss of annual snowpack and surface glaciers could change stream
temperatures (Millar 2019). Aquatic stoneflies like Lednia tumana and Zapada glacier are at
risk, and listed as threated under the US Endangered Species Act, because their survival is
dependent on specific thermal and hydrological ranges (Giersch et al. 2017). For example,
Giersch et al. (2015) studied the habitat contraction of Zapada glacier occurring in Glacier
National Park (GNP) Montana, USA. Zapada glacier was only found in one of its six previously
inhabited sites, and only two additional new sites within GNP. Historical sampling occurred
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from 1963 – 1979, and current from the late 1990s to mid 2010s. With an almost 35% decrease
in glacial surface area between 1966 to 2005, it is clear that the Zapada glacier range within
GNP is decreasing as its ideal cool water habitat retreats higher in elevation and closer to the
hydrologic source (Giersch et al. 2015). Similarly, close proximity to hydrologic sources where
the water is colder increased the likelihood that populations of Lednia tumana with higher
densities reported (Giersch et al. 2017).
Although macroinvertebrates are driven by temperature in these ecosystems, primary
producers, like diatoms, are sensitive to many environmental variables and can be used as water
quality indicators (Kireta et al. 2012). Studies have established relationships between diatom
communities and environmental conditions like water velocity (Biggs et al. 1998), available
nutrients (Sakshaug 1977), substrate material (Becker 1996), and temperature (Weckström et al.
1997). Because of diatom autecology, the diatom assemblages may vary among streams with
different hydrologic sources due to differences in conductivity, pH, salinity, and specific ion
concentrations (Cantonati et al. 2001, 2006, Potapova and Charles 2003). Potapova and Charles
(2003) analyzed a national dataset with over 3000 benthic diatom samples from over 1000
United States rivers. Through multivariate ordination, they determined that the ratio of
Ca(HCO3)2 + CaCO3 to NaCl + KCl, as well as overall conductivity, was important variables for
driving diatom assemblage structure.
Very little work has been done on diatom community structure in alpine streams in North
America, particularly in icy seeps, which are common stream types in western mountains.
Diatoms may be dependent on restricted temperatures, similar to the endemic stoneflies, or
dependent on other environmental parameters. Thies et al. (2013) determined that the high
conductivity and relative acidity of icy seep meltwater in the Alps affected diversity and species
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composition of diatom communities in alpine streams. Similarly, diatom assemblages in
permafrost-fed streams in the central Italian Alps have been found to be closely related to a
combination of pH and trace minerals because of their effect on electrical conductivity leading to
higher values compared to glacial-fed streams in the area (Rott et al. 2006). Finally, Hieber et al.
(2001) found that a determining factor of algal community structure in alpine streams was the
presence of a surface glacier in the watershed, which influenced flow, turbidity, and temperature
ranges in the stream. Glacial fed streams had an abundance of strongly attached nonmotile
diatoms to survive large fluctuations in discharge and abrasion from glacial flour (Hieber et al.
2001).

Objective:
The goal of this research was to characterize the role of hydrological sources and their
associated water chemistry and flow in shaping diatom assemblages in alpine streams, focusing
on icy seep streams as potential cold-water refugia.

Q 1: How do physiochemical variables differ among hydrologic sources in alpine streams?
Hypothesis 1: Higher specific conductivities occur in icy seep-fed streams due to an increased
interaction with the rock debris, including soluble limestone and dolomite, within icy seeps.
Additionally, higher streambed stability occur in icy seep-fed streams due to the insulative
properties of the debris and rock, which would lead to less scour.

Q 2: What physiochemical variables drive differences in diatom assemblages among hydrologic
sources within alpine streams?
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Hypothesis 2: Differences in diatom communities will be based on water chemistry. Hydrologic
sources determine the amount of interaction between rocks and water and surrounding geology
determine what soluble ions and in what concentrations, enter the melt water.

Site Description:
This study was conducted in the western portion of Grand Teton National Park (GTNP)
and the eastern portion of Targhee National Forest in the Teton Range of northern Wyoming,
USA, about16 kilometers south of Yellowstone National Park (Figure 1A, B). Grand Teton
National Park is approximately 1,300 km2 and contains the highest peak (4,198 m a.s.l.), Grand
Teton, in the Teton Range. Average temperatures in GTNP range between 26 °C in summer and
-16 °C in winter, with the highest peaks of the Teton Range receiving over approximately 13
meters of snow annually. These peaks remain snowcapped during the summer months and feed
snowmelt streams. Additionally, there are 11 active surface glaciers on the landscape within the
park boundaries which all have glacier-fed streams flowing from them. Wide flat u-shaped
glacial valleys run down the mountains filled will glacial lakes and meadows dominated by
wildflowers including Delphinium bicolour (low larkspur), Castilleja coccinea (Indian
paintbrush), and Ipomopsis aggregat (skyrocket gilia), as well as grasses like Phleum alpinum
(alpine timothy), Elymos trachycaulus (bearded wheatgrass), and Festuca idahoensis (Idaho
fescue). High alpine streams are close to the tree line with riparian vegetation dominated by short
grasses and alpine shrubs. Conifers like Pinus contorta (lodgepole pine), Picea pungens (blue
spruce) and Pseudotsuga menziesii (Douglas fir) are present at sampling sites below tree line.
The Teton Range is a fault block mountain range with rich geologic history (Figure 2).
Precambrian basement gneisses and schists are the oldest rocks in the Teton Range.
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Metamorphic rocks formed before 2.5 billion years ago and can be found outcropping through
the Teton Range (Love et al. 1978). Granite and pegmatite intrusions into the Precambrian
basement rock occurred approximately 2.5 billion years ago. Approximately 1.3 billion years ago
black dikes formed across the Precambrian gneisses and schists as well as the granite and
pegmatite intrusions (Love et al. 1978). For the next 700 million years the Precambrian basement
rocks were uplifted and eroded. During the Paleozoic these crystalline rocks were covered by a
shallow sea . The marine sediments were deposited and lithified, forming sedimentary rocks like
limestones, dolomites, and shales but by 85 million years ago the Cretaceous Sea retreated (Love
et al. 1978). The Laramide orogeny, a large-scale mountain building event along western North
America, began between 75-55 million years ago and uplifted the area. Years of continued uplift
and erosion of the mountains led to high elevation peaks like Grand Teton and large sediment
deposits to the east that can be seen in Jackson Hole, Wyoming (Love et al. 1978, 1992).
Our study area spans only a small portion (approximately 300 km2) of the Teton Range
and is comprised of crystalline basement rocks (granite, monzonite, gneiss, and migmatite)
underneath tall carbonate sedimentary (limestone and dolomite) cliffs (Love et al. 1992) (Figure
2). Talus from these limestone and dolomite cliffs can make up the debris within the icy seeps,
specifically in the rock glaciers along the western side of the Teton Range. Icy seeps in carbonate
sedimentary rock areas allow for unique chemical weathering that is not present in snowmelt and
surface glacier fed streams, or icy seep fed streams in more crystalline rock basins. Within these
limestone icy seeps, water mixes with CO2 and produces carbonic acid (H2CO3). Limestone
([Ca][CO3]) reacts with carbonic acid and dissolution occurs and melt water is enriched in Ca2+
and Mg2+ (Smith and Pun 2010). Because of this unique geology and high rates of chemical
weathering icy seep fed streams within limestone fields may have higher concentrations of
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cations associated with carbonate sedimentary rocks.
Ten first order headwater alpine streams located at elevations ranging from 2700 - 3166
meters a.s.l., including four icy seeps (Wind Cave, Paintbrush, South Alaska Basin, and South
Cascade), three surface glacier fed streams (Teton Glacier, Middle Teton Glacier, and Skillet
Glacier), and three snowmelt-fed streams (Grizzly, South Fork Teton, and North Fork Teton)
were sampled for physical, chemical, and biological parameters (Table 1). The sites at North
Teton Creek, South Teton Creek, and Alaska Basin all drain to the west and flow into Teton
Creek. Wind Cave also drains to the west as a tributary to Darby Creek. The sites at South
Cascade, Middle Teton, Delta, Paintbrush, Grizzly Lake, and Skillet Glacier all drain to the east
(Figure 1). Sites along the east side of the Teton Range mainly drain into glacial lakes: Skillet
drains into Jackson Lake, Grizzly and Paintbrush drain into Leigh Lake, Delta drains into Delta
Lake, South Cascade drains into Jenny Lake, and Middle Teton drains to Bradley Lake.
Streambeds from all three hydrologic sources are composed of slightly angular cobbles and
pebbles with little to moderate biofilm.
Year-round flow was assumed in all streams sampled with mid-summer discharges
ranging from 0.098 L/s to 2.62 L/s, discussed further in the methods section (Table 1). HOBO
temperature loggers were used to collect water temperature data at 30-minute increments yearround. Continuous temperatures above 0°C throughout the winter indicate flow continues under
any ice cover that forms in the winter. HOBOs have been placed in the deepest portion of stream
channel to ensure that the logger remains submerged in the summer. When the HOBO reflects air
temperature with large fluctuations between day and night temperatures, it is assumed that the
stream had gone dry.
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Description of icy seep-fed streams
Wind Cave is a stream created by an ice block melting and draining from a cave in a cliff
face composed of carbonate sedimentary rock including the Madison Limestone and Darby
Formation (Love et al. 1992) (Figure 2). Wind Cave is not a typical rock glacier because the ice
is contained within the cave and does not flow through the landscape. The stream cascades out of
the cave and then flows through smaller pools and waterfalls with a mean slope of 30° within
the sampling reach.
Paintbrush is a rock glacier fed stream located in the Mount Owen Quartz Monzonite and
other layered gneiss and migmatite and is made up of talus and related deposits of these
crystalline rocks (Love et al. 1992) (Figure 2).
Alaska Basin is a rock glacier fed stream composed of limestone and dolomite talus and
debris at the base of cliffs of the Gallatin Limestone and Park Shale Member of Gros Ventre
Formation, the Death Canyon Limestone Member, Darby Formation, and the Madison
Limestone and underlain by the Mount Own Quartz Monzonite (Love et al. 1992) (Figure 2).
South Cascade is a rock glacier fed stream made up of talus and debris from the Gallatin
Limestone and Park Shale Member of the Gros Ventre Formation as well as the Death Canyon
Limestone Member (Love et al. 1992). The sample site is just south of Hurricane Pass and is
located at the base of large limestone cliffs (Figure 2).

Description of surface glacier-fed streams:
Delta is a surface glacier site originating from Teton Glacier, and the sample site is
located above where the meltwater flows into Delta Lake. Grand Teton Peak, where Teton
Glacier is located, is composed of Mount Owen Quartz Monzonite (Love et al. 1992) (Figure 2).
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Middle Teton is a surface glacier fed stream on the east side of the Teton Range.
Meltwater comes from the Middle Teton Glacier, which is located on Mount Owen Quartz
Monzonite, layered gneiss and migmatite, and related talus from crystalline rocks (Love et al.
1992) (Figure 2).
Skillet is a surface glacier stream which originates from the meltwater of Skillet Glacier.
Skillet Glacier sits on top of the Augen Gneiss and layers of gneiss and migmatite (Love et al.
1992) (Figure 2).

Description of snowmelt-fed streams:
Grizzly is a snowmelt-fed site on the eastern side of the Teton Range and is located on
top of the Mount Owen Quartz Monzonite and other associated pegmatites (Love et al. 1992)
(Figure 2).
South Fork Teton is a snowmelt-fed stream in South Alaska Basin on the western side of
the Teton Range surrounded by rock glaciers composed of the Gallatin Limestone and Park
Shale Member of Gros Ventre Formation, the Death Canyon Limestone Member, Darby
Formation, and the Madison Limestone. The sample site is located on top of layered gneiss and
migmatites (Love et al. 1992) (Figure 2).
North Fork Teton is a snowmelt-fed stream on the western side of the Teton Range in a
layered gneiss and migmatite and Mount Owen Quartz Monzonite valley (Love et al. 1992)
(Figure 2).
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Methods:
Field Methods
Field sampling occurred between July 28 – August 2, 2019, August 6- 11, 2020, and
August 5-13, 2021. Sites were reached by either there and back day hikes, or overnight
backpacking trips. Surface glacier fed streams were sampled as close to the toe of the glacier,
where melt water flows from underneath the surface glacier. Icy seep streams were sampled
either at the base of the rock glacier where water first seeps out of the rock, or at the mouth of a
cave. This ensures that there is minimal mixing from other hydrologic sources (e.g., groundwater
and surface runoff). Snowmelt-fed streams are sampled as close to the edge of the snowpack as
possible. GPS coordinates of site locations remained in the same place each year of the study;
however, the extent of snowpack and glacier toes vary from year to year and occasionally
affected access. Sampling occurred as close to the original GPS coordinates as possible.
At each site, channel geometry was calculated by measuring stream width (cm) and depth
(cm). Velocity (m/s) was calculated by placing a ping pong ball upstream and timing its travel to
see how long it took the ball to float a known distance. Using a modified velocity-area method,
the channel geometry and velocity measurements were used to calculate discharge (m3/sec)
(Turnipseed and Sauer 2010). The Pfankuch index, a measure of streambed stability, was
estimated using substrate angularity, brightness, scour, consolidation of substrate, and presence
of aquatic vegetation (Pfankuch 1975). A low Pfankuch number indicates greater channel
stability, whereas a higher Pfankuch number indicates lower channel stability. Field water
quality parameters, including temperature (°C), dissolved oxygen (DO) (% and mg/L), specific
conductivity (SPC) (µs/cm), and pH, were collected at each site with a YSI multimeter.
Water samples for anions and cations (n=1 per site) and alkalinity (n = 1 per site) were
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collected through a grab sample method (Shelton 1994). The anion and cation sample were
filtered through a glass fiber filter (0.45 um pore size) into 25 mL vials. Samples were kept cold
and dark until analyzed in the lab.
Diatom samples (n=3 per site) were collected using a modified SG-92 sampling method
(Moulton et al. 2002). Four cm2 algal scrapings were taken from three different upward facing
rocks using a square stencil. The stencil was placed on each rock and then scrubbed to remove all
diatoms from the 2 x 2 cm opening. Rocks were selected from upstream to downstream along a
10-meter reach and collected into 25 mL vials. Samples were preserved with 10% formalin in the
field (Moulton et al. 2002) and processed in the lab.

Lab Methods
Cations/anion/alkalinity analysis:
Major cation and anion concentrations (mg/L) (Ca2+, K+, Mg2+, Na+, and Si4+ F-, Cl-,
NO2-, NO3-, Br-, PO42-, and SO42-) were analyzed through Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) and Ion Chromatography (IC) respectively, in the Analytical
Chemistry Laboratory, Earth and Planetary Sciences at University of New Mexico. Alkalinity
(mg/L) was analyzed using endpoint titration (Dickson 1981).

Diatom analysis:
Because of lower overall biomass and organic matter in these high alpine streams, diatom
samples were processed with a minimal method using 30% hydrogen peroxide (H2O2). A 5mL
subsample was mixed with 30% H2O2 and boiled. After boiling, deionized (DI) water was added,
and the sample settled for at least six hours. After settling, samples were serially rinsed seven
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times with DI water to remove oxidation byproducts. The processed samples were then
evaporated onto coverslips in beakers [as a modified Battarbee chamber (Battarbee 1973) and
mounted onto permanent microscope slides using Zrax mounting medium.
Diatom valves were identified and enumerated at 1000x using oil immersion and bright
field optics using a Leica DM5000 compound microscope. 400 valves were counted along 18
mm transects. For lower density slides, enumeration ceased after 10 transects (180 mm transect
length). Valves were identified to the lowest taxonomic designation possible and counted at
25%, 50%, 75% and 100% complete in order to reconstitute broken valves and accurately
calculate total cell density (Ranvestel et al. 2004). Raw valve counts were converted to densities
(cells/mm2) and species richness was calculated. Identification was completed using Diatoms of
North America, Krammer (1997), and Lange-Bertalot (1997).

Data Analysis:
Two data sets were analyzed independently for physiochemical variables: 1) 2019-2021
field parameters, cations, and anions and 2) 2021 field parameters, cations, anions, and
alkalinity. 2021 was the first year that alkalinity samples were collected. The icy seep-fed
stream, Paintbrush (PB), was not sampled in 2021 due to no flow. In the 2019-2021 dataset, the
2019 and 2020 PB field parameter values were averaged and used for the 2021 field parameter
values. For the 2021 dataset, PB was removed entirely. In the 2019-2021 dataset, Delta pH
values from 2019 and 2020 were replaced with pH values from 2017 and 2018 due to instrument
failure. A third data set included diatom data from 2019 only. 2019 was the first year where both
anions and cations were sampled and starting with the 2019 diatoms gave a community baseline
to compare future years to.
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Before data transformation, major ion data were checked against minimum detection
limits (MDL). Any concentration less than the MDL was replaced with the MDL. All data set
variables were transformed for normal distribution. The 2019-2021 data set included
Log(temperature), Log(pfankuch), Log(SPC), (fluoride)2, (chloride)1/4, Log(sulfate),
Log(calcium), Log(magnesium), Log(potassium), Log(sodium), Log(silica), and no
transformations on nitrate, pH, and DO. The 2021 data set included Log(temperature),
Log(SPC), Log(DO), Log(pH), Log(pfankuch), Log(sulfate), (fluoride)2, (chloride)1/4,
Log(calcium), Log(magnesium), Log(potassium), Log(sodium), Log(silica), and no
transformation on nitrate data.
To find any statistically significant relationships among physiochemical variables and
hydrologic sources and physiochemical variables and sample years, one-and two-way analysis of
variance (ANOVA) were used. Dissolved oxygen, temperature, pH, specific conductivity,
alkalinity, cations, and anion concentrations were compared using one-way ANOVA with a
Tukeys HSD post hoc test by hydrologic source (e.g., icy seep, surface glaciers, snow melt). To
assess that there were minimal differences in water chemistry within sites among all three sample
years (2019, 2020, 2021), all physiochemical parameters were also compared using an ANOVA
with Tukeys HSD port hoc test by sample year. A two-way ANOVA was used to determine if
any environmental parameters varied by both source and year. Parameters were considered
significant if p values < 0.05. Additionally, all physiochemical parameters were analyzed with a
principal component analysis (PCA) to understand how each physiochemical variable is
associated with each hydrologic source. Finally, a Piper Diagram with sites plotted by relative
abundance of major ions from the 2021 dataset was used to better visualize differences in water
chemistry by hydrologic source.
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To normalize data to meet requirements for data analysis, all 2019 diatom data were
transformed. Species richness and cell density were transformed with Log(n) for ANOVA
analysis among hydrologic sources to determine if there were statistical differences among
hydrologic sources. Diatom assemblage data was transformed with Log(n+1) before non-metric
multidimensional scaling (NMDS) ordination and analysis of similarities (ANOSIM) analysis
were run. These transformations compensated for extreme differences in abundances among
common taxa and rare taxa. Non-metric multidimensional scaling analysis illustrated how diatom
communities were associated with each hydrologic source and was completed with Bray Curtis
distances, 1000 runs, and three dimensions to minimize the stress value and was used to visualize
differences in diatom community data by hydrologic source. The ANOSIM determined if there
were statistical differences among diatom communities of different hydrologic sources and site.
The R statistic generated from an ANOSIM is an indication of dissimilarity among groups with
the greatest dissimilarity indicated with an R statistic = 1.0.
All statistics were run using R (version 4.0.2) using the Factoextra packages for PCA
analysis and Dipplar R package for ANOVA and 2-way ANOVA analyses. NMDS analysis
used the ggplot and the vegan packages.

Results:
Physiochemical analysis
From 2019-2021, icy seeps consistently had the lowest water temperature (mean 3.24 ℃)
and snowmelt-fed streams had the highest (mean 11.52 ℃) and the temperature differences were
statistically significant (ANOVA; p = 0.0023) (Table 2, 3). Specific conductivity was highest in
icy seeps (mean 31.54 µS/cm) and lowest in surface glacier-fed streams (5.22 µS/cm) (ANOVA;
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p = 0.000) (Table 2, 4). Mean pH values ranged from 7.44 in snowmelt-fed sites to 8.20 in icy
seeps (ANOVA; p = 0.0063) (Table 2, 3). Surface glacier-fed streams had the highest Pfankuch
Index (34.75) while snowmelt-fed streams had the lowest (19.72) (ANOVA; p = 0.0007) (Table
2, 3). Mean dissolved oxygen was lowest in snowmelt-fed streams (8.36 mg/L) and highest in
surface glacier and icy seeps (10.72 mg/L and 10.49 mg/L, respectively) (ANOVA; p = 0.0000)
(Table 2, 3). Temperature, specific conductivity, pH, Pfankuch Index, and DO (mg/L) did not
change significantly among sample years (ANOVA; p > 0.05) (Table 3).
From 2019-2021 icy seeps had the highest mean calcium concentrations (16.74 mg/L)
compared to mean calcium concentrations in surface glacier fed streams (0.55 mg/L) and
snowmelt fed streams (2.88 mg/L) (ANOVA; p = 0.0000) (Table 3, 4). Mean magnesium
concentrations are also highest in icy seeps (4.40 mg/L) compared to surface glacier fed streams
(0.08 mg/L) and snowmelt fed streams (0.81 mg/L) (ANOVA; p = 0.379) (Table 3, 4). Sulfate
concentrations (ANOVA; p = 0.0000) were also highest in icy seeps (12.43 mg/L) compared to
surface glacier fed streams (0.53 mg/L) and snowmelt fed streams (2.74 mg/L) (Table 3, 4).
Calcium and magnesium concentrations did not vary significantly among sample years
(ANOVA; p > 0.05), however, sulfate concentrations varied between 2020 and 2021 (Tukey
HSD; p = 0.0194) (Table 3). A two-way ANOVA of 2019-2021 data showed no statistically
significant interaction terms between hydrologic sources and sample year for any
physiochemical variable (Table 3). In 2021 specific conductivity, temperature, DO, bicarbonate,
sulfate, calcium, and magnesium were all statistically significant (ANOVA; p < 0.05) (Table 5).
The first two components (PC1 and PC2) of the PCA based on all field parameters from
2019-2021 represented approximately 68% of the variability among hydrologic sources based on
dissolved oxygen, pH, specific conductivity, temperature, and Pfankuch index (Figure 3). Icy
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seep variability in field parameters was driven by specific conductivity, and pH and plotted in the
bottom left corner, while snowmelt streams were driven strongly by temperature and plotted in
the bottom right. Surface glacier fed streams were driven almost entirely Pfankuch and plotted in
the top right (Figure 3). Dissolved oxygen was a driver of variability in some icy seeps and
surface glacier fed streams but did not affect snowmelt-fed streams (Figure 3).
A second PCA of cation and anion concentrations by site from 2019-2021 showed that
the first two components represented approximately 67% of the variability (Figure 4). Icy seep
sites, spread across the right of the plot, were driven by calcium, magnesium, potassium, silica,
sulfate, and nitrate. Surface glacier-fed streams plot on the left, separate from the icy seeps and
major ions, indicating they are not as heavily influenced by those variables. Snowmelt-fed
streams plot between icy seeps and surface glacier fed streams, closer to the center of the plot
(Figure 4). Chloride and fluoride do influence some surface glacier and snowmelt streams as
well.
A third PCA with only 2021 cations, anions, and bicarbonate concentrations had 86% of
total variance represented in PC1 and PC2. Icy seep-fed streams were strongly influenced by
bicarbonate, calcium, silica, and magnesium and plot to the left (Figure 5). Surface glacier-fed
streams plotted directly opposite of bicarbonate, magnesium, calcium, and silica indicating their
variability is not influenced by those parameters; however, sodium did explain some variability
in surface glacier stream chemistry. Some snowmelt-fed streams, like South Fork Teton, plot
within the spread of icy seep-fed streams whereas other snowmelt-fed streams, like North Fork
Teton, plot on the closer to surface glacier-fed streams, but all snowmelt-fed streams seem to be
influenced by fluoride concentrations (Figure 5).
A 2021 Piper diagram illustrates how all sites (Paintbrush excluded) plotted by
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hydrologic source plot based on relative percentages of major cations and anions (Figure 6) and
is another way to visualize water chemistry shown in all three PCAs. Icy seeps had the highest
bicarbonate, calcium, and magnesium percentages, while surface glacier streams contain the
highest chloride, sodium, and potassium percentages (Figure 6A). In general, icy seeps on
average plot with the highest magnesium and calcium percentages, surface glacier streams plot
with the lowest, and snowmelt streams plot with intermediate values (Figure 6B). Icy seeps have
the highest bicarbonate percentages, surface glacier streams have the highest percentages on
chloride, and all hydrologic sources have similar, and very low, percentages of sulfate (Figure
6C). Within all plots on the Piper diagram, icy seeps plotted to the left of surface glacier streams
and snowmelt streams plotted in between with intermediate values (Figure 6).

Diatom analysis
Mean cell density was statistically different among hydrologic sources (ANOVA p =
0.00604) and was highest in snow melt-fed sites and lowest in surface glacier-fed sites, 1570
cells/mm2 and 50 cells/mm2 respectively (Table 6, 7). Icy seeps had intermediate values of
approximately 410 cells/mm2. Middle Teton (MT) had the lowest mean cell density (17.3
cells/mm2) of all sites sampled in 2019, and North Teton Creek (NTC) had the highest mean cell
density (3890.9 cells/mm2) (Table 6). Cell density was significant only different between
snowmelt-fed streams and surface glacier-fed streams (Table 7).
Mean species richness was also statistically different among hydrologic sources
(ANOVA p = 0.0164) and was highest in snowmelt-fed streams with 21.2 taxa, whereas icy
seeps and surface glacier-fed streams had similar species richness as 11.9 and 11.2, respectively
(Table 6, 7). In 2019, Alaska Basin had the lowest mean species richness (7 taxa) while North
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Teton Creek had the highest mean species richness (23 taxa) (Table 6). Species richness was
significantly different between snowmelt fed streams and icy seeps, and snowmelt-fed streams
and surface glacier-fed streams (Table 7).
Icy seep sites were dominated by Odontidium mesodon, and upright taxa like
Gomphonema sp. If Wind Cave is not included in icy seep-fed stream diatom communities the
most abundant species were Gomphonema sp, and Meridon anceps (Table 8). Surface glacier-fed
streams were dominated by Odontidium mesodon, Meridion circulare, and Achnanthidium sp 2.
Snowmelt-fed streams diatom communities had an abundance of Hannaea arcus, Odontidum
mesodon, and Achnanthidium sp. 1 and 2 (Table 8).
A non-metric multidimensional scaling (stress value = 0.103) based on 2019 diatom
species data showed that most icy seep-fed stream diatom communities (excluding Paintbrush)
plot on the positive Axis 1 whereas surface glacier-fed stream diatom communities plot on the
negative Axis 1 (Figure 7A). Snowmelt-fed stream diatom communities fall somewhere in
between icy seep-fed and surface glacier-fed streams and plot on both the positive and negative
sides of the x-axis. South Teton Creek, a snowmelt-fed stream, plots on the positive x-axis closer
to icy seep-fed streams (Figure 7B). Paintbrush, an icy seep-fed stream, plotted on both the
positive and negative sides of the x-axis, but closer to the majority of both the snowmelt-fed and
surface glacier-fed streams (Figure 7B). The diatom community data by site showed statistical
significance and greater dissimilarity among sites (R statistic = 0.717, p = 0.0001) compared to
communities separated by hydrologic source (R statistic = 0.436 , p = 0.0001).

Discussion:
The goal for this research was to determine how physiochemical variables differed
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among hydrologic sources within the study area, and how those differences affect diatom
communities. Alpine streams within the Teton Range are driven by physiochemical variables
influenced by both surrounding geology and hydrologic source. Within our data, we found that
higher specific conductivity values were always associated with icy seeps when compared to
other hydrologic sources within the same rock type. Our top four highest specific conductivity (>
61 µS/cm) were found at sites (icy seeps: Wind Cave, Alaska Basin, and South Cascade;
Snowmelt: South Fork Teton) associated with carbonate sedimentary rocks, specifically the
Madison, Gallatin, and Death Canyon limestones of the western Teton Range. Icy seep site
Paintbrush, a granite-dominated site, had lower specific conductivity than the snowmelt stream
South Fork Teton, a limestone-dominated site (53.90 µS/cm and 61.87 µS/cm, respectively).
This suggests that the geology of each site may be responsible for the water chemistry because
soluble sedimentary rock can release more ions into streams than crystalline rock. Snowmelt
streams had the highest diatom species richness and cell density whereas surface glacier streams
had the lowest. Icy seep streams were dominated by upright growing Gomphonema spp. linked
to more consistent flows associated with the insulative properties of rock debris. Snowmelt sites
had an abundance of Hannaea arcus which could indicate elevated flows during continued peak
discharge before flows reduced as snowpack was depleted (Passy 2007).

Effects of geology on water chemistry
How soluble a rock is, and its chemical composition, determine how the rock affects
water chemistry (Smith and Pun 2010). Precipitation, either rainfall or snowfall, is slightly acidic
and when it encounters rocks, chemical weathering occurs. Granite is composed predominantly
of quartz and feldspar, two resistant minerals that do not dissolve easily (Smith and Pun 2010).
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When the slightly acidic meltwater from snowpack and glaciers interacts with the Precambrian
granite in the Teton Range limited chemical interactions occur because of how insoluble the
rocks are. However, carbonate sedimentary rocks, like limestones and dolomites, are very
soluble rocks because they contain dissolvable minerals like calcite (Smith and Pun 2010). The
stream sites dominated by carbonate sedimentary rocks (Wind Cave, Alaska Basin, South
Cascade, and South Fork Teton) showed elevated concentrations of calcium and magnesium
because of this rock dissolution. Additionally, because chemical weathering is enhanced by
acidic precipitation, any increase in acidity could increase dissolution occurring in carbonate
sedimentary rock dominated streams resulting in an increased concentration of weathering
biproduct like calcium and magnesium (Grøntoft and Cassar 2020).
Due to the differences in how meltwater interacts with rocks based on their chemical
composition, it would be expected that all sites in carbonate sedimentary rock dominated areas
have higher concentrations of calcium and magnesium, regardless of hydrologic source.
Therefore, South Fork Teton, a snowmelt-fed stream in a limestone-dominated area, had higher
specific conductivity and calcium concentrations compared to any other snowmelt-fed stream
site. South Fork Teton is also surrounded by rock glaciers along its southern side and could be
influence by the many icy seeps melting from the rock glacier. There could be mixing occurring,
and therefore classifying South Fork Teton strictly as a snowmelt-fed stream might not be
accurate. Additionally, Paintbrush, an icy seep site in a granite-dominated basin, had the lowest
specific conductivity and calcium concentrations of all icy seep sites. Because of the importance
of surrounding geology, looking just at hydrologic source is not enough to adequately understand
the water chemistry.
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Effects of source on water chemistry
The physical nature of hydrologic sources can impact the amount of interaction between
water and rocks. Because icy seep sites are characterized as sites with larger ratios of rocks to ice
compared to ratios in surface glaciers and snowpack, increased interactions between water and
rocks can occur (Ilyashuk et al. 2014, Fegel et al. 2016). Our carbonate sedimentary rockdominated icy seeps were high in limestone and dolomite weathering products (Ca2+ and Mg2+)
similar to what Fegel et al. (2014) found in their comprehensive study of rock glaciers meltwater
compared to surface glacier meltwater. Rocks entrained near the surface or edges of an icy seep
undergo increased amounts of physical weathering like repeated freezing and thawing which
breaks apart rocks and decrease particle size (Dredge 1992). This increases the amount of surface
area in contact with any melt water and can allows for more area for chemical weathering to
occur, thus increasing the concentration of any soluble ions in the melt water.

Effects of water chemistry on diatoms
Our results indicated that diatom assemblages were shaped by the differences in both
water chemistry and hydrologic sources of each stream. An ANOSIM reported a larger
difference in diatom community data grouped by site than by hydrologic source, indicating that
sites within a hydrologic source varied due to the surrounding geology and its effect on water
chemistry. The ANOSIM also indicated significant differences in diatom communities among
the three major source types. These findings show that both local geology and hydrologic source
are important for diatom communities.
Wind Cave, Alaska Basin, South Fork Teton, and South Cascade are all sites in our study
area that had high specific conductivity values due to proximity to carbonate sedimentary rocks.
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These high specific conductivity sites had low species richness and moderate cell density values,
similar to what others have found in their analysis of permafrost streams (Rotta et al. 2018). Our
high conductivity sites were dominated by Gomphonema spp. and Encyonema minutum, whereas
Rotta et al. (2018) found an abundance of Achnanthidium minutissimum, Odontidium mesodon.,
and Psammothidium spp. Navicula spp., although only abundant in Wind Cave, can sometimes
be used as an indicator of elevated conductivity values (Pestryakova et al. 2018). These
difference in diatom assemblages could be due to the local geology of the area (Cantonati et al.
2001, Toman et al. 2014). Rotta et al. (2018) worked exclusively in igneous and metamorphic
basins, whereas our high conductivity sites are in carbonate sedimentary rock basins. Our sites
had high concentrations of weathering products, including calcium and bicarbonate, and could be
influencing diatom assemblages and causing higher abundances of Gomphonema spp. compared
to the crystalline rocks studied by Rotta et al. (2018). Potopova and Charles (2003) also found
that their sites were dominated by calcium and bicarbonate ions and were the most significant
sources of environmental variance.
Low conductivity sites had more complex patterns in their diatom assemblages. Delta,
Middle Teton, and Skillet, all surface glacier-fed streams, had the lowest mean species richness
and cell density, whereas Grizzly and North Fork Teton, both snowmelt-fed streams, had the
highest mean species richness and cell density, similar to Rotta et al. (2018) findings in their low
conductivity steams. Theis et al. (2013) also found more diverse diatom assemblages in low
conductivity streams unaffected by icy seeps, however they did not distinguish if those
unaffected streams originated from a surface glacier or annual snowpack. Our low conductivity
sites had diatom assemblages dominated by Odontidium mesodon., Hannaea arcus,
Achnanthidium minutissimum, and Psammothidium spp. and matched more with what Rotta et al.
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(2018) found in their high conductivity sites. This could be because our low conductivity sites
cluster in igneous and metamorphic basins and are more similar in water chemistry to Rotta et al.
(2018) streams. Pestryakova et al. (2018), although working in alpine lakes, also determined
several Psammothidium spp. to be indicative of their low conductivity sites.

Effects of hydrologic source on diatoms
Hydrologic source was also a driver for diatom assemblages in these alpine streams. Our
Pfankuch index data indicates that icy seeps have more stable stream beds. Because icy seeps
have rock debris covering the ice, they are more insulated and melt slower from atmospheric
warming compared to other hydrologic sources (Brighenti et al. 2021). Slower melting and
increased insulation mean icy seeps flows are more stable and are less likely to have extreme
flow events that scour out the stream bed. Icy seeps can also persist as other hydrologic sources
might melt entirely (Millar 2019). Both of these icy seep characteristics allowed for more upright
and stalked diatoms to persist in icy seeps because they ensure stable continuous flow (Passy
2007, Rimet and Bouchez 2012). Snowmelt-fed streams also had low Pfankuch index, indicating
stream bed stability, however, we found more prostrate and adnate diatom species indicated
streambed disturbances (Passy 2007, Rimet and Bouchez 2012).
Conversely, our Pfankuch index data have shown that surface glacier-fed stream sites had
the highest amount of scour and the lowest streambed stability indicating that there are more
extreme flow events and yet they have the lowest mean species richness and cell density. Similar
to our research, some streams that run dry in the summer had higher beta diversity than streams
with continuous flow (Tornés et al. 2021). As temperatures continue to rise, annual snowpack
will melt faster an earlier in the year (Wagner et al. 2021). This means flows could be more
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extreme during melting periods and higher risks of the stream running dry by the end of the
season. High fluctuations in flow and potential periods of drying mean that diatom communities
may be dominated by more prostrate or adnate growth forms because they are less likely to be
dislodged during high flow events (Passy 2007, Rimet and Bouchez 2012). We found an
abundance of low-profile diatoms in our snowmelt sites including, Hannaea arcus, Meridion
spp., and Achnanthidium spp. According to Passy (2007) low- profile diatoms were more likely
to be found in nutrient-poor water with increased amounts of flow fluctuation and disturbance.
Gomphonema spp., a high-profile diatom, which grows in polysaccharide stalks, dominated the
icy seep assemblages. Because snowpack and surface glaciers are more at threat to warming
temperatures, we could lose some of this low- profile species diversity as these streams run dry.
Passy (2007) classifies high-profile diatoms as one that thrives with increased nutrients and flow
stability. These distinctions of high and low-profile diatom assemblages align with our Pfankuch
index data indicating that glacier-fed streams have lower streambed stability whereas icy seeps
have higher streambed stability.

Future work:
These data represent a small sample size of all the potential icy seep, surface glacier, and
snowmelt-fed streams in the Teton Range. Our field sites are all clustered along the western half
of GTNP. Geology within the Teton Range is extremely complex; these data show that local
geology does impact water chemistry and diatom communities in conjunction with hydrologic
source. Continued monitoring of these ten sites will illustrate how climate change is affecting
existing diatom assemblages. Repeated sampling for alkalinity will give complete water
chemistry data for all sites. The addition of new sites from all three hydrologic sources in
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specific geologic formations (e.g., carbonate sedimentary rocks, igneous rock, metamorphic
rock) within the park could also add to the knowledge that this research has started to uncover by
providing baseline data for both water chemistry and diatom communities in each hydrologic
source categorized by local geology. Sites dispersed more evenly around GTNP will also help to
uncover more about these alpine stream diatom communities. Further exploration into the
drainage area of each site could also provide valuable information on the potential of cross
contamination from other hydrologic sources.
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A

B

Figure 1: Locations of annual sampling sites within the Teton Range, Wyoming including four
icy seeps in red (Wind Cave, Alaska Basin, South Cascade, and Paintbrush), three surface glacier
sites in green (Middle Teton, Skillet, and Delta), and three snowmelt sites in blue (Grizzly, North
Fork Teton, and South Fork Teton). 1A shows the location of the study area relative to Wyoming
and Idaho. 1B shows each site location within the Teton Range.
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Figure 2: Locations of sample sites over a simplified geologic map of the area which includes
broad geologic formations, water bodies, faults, and dikes. Icy seep-fed streams are indicated by
red points, surface glacier-fed streams by green points, and snowmelt-fed streams by blue points.
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Figure 3: Principal Component Analysis of field parameter data (dissolved oxygen, pH, specific
conductivity, temperature, and Phankuch index) from 2019-2021 at all sample sites by
hydrologic source. Legend: icy seeps = red, surface glacier-fed streams = green, snowmelt-fed
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Figure 4: Principal Component Analysis of anions and cations from 2019-2021 at all sample sites
by hydrologic source. Legend: icy seeps = red, surface glacier-fed streams = green, snowmeltfed streams = blue.
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Figure 5: Principal Component Analysis of 2021 cation, anion, and alkalinity data at all sample
sites by hydrologic source (Paintbrush not included due to no flow). Legend: icy seeps = red,
surface glacier-fed streams = green, snowmelt-fed streams = blue.
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(Paintbrush not included due to no flow). 6A shows sites plotted by percentage of Na+ + K+,
CO32- + HCO3-, Ca2+ + Mg2+, and SO42- + Cl-. 6B shows sites plotted by percentage of Na+ + K+,
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Figure 7A, 7B:
7A: Non-metric Multidimensional Analysis of 2019 algal data by hydrologic source. Legend: icy
seeps = red, surface glacier-fed streams = green, snowmelt-fed streams = blue.
7B: Non-metric Multidimensional Analysis of 2019 diatom data by hydrologic source.
Legend: sites color coded by a color gradient. Delta = red, Grizzly = orange, Middle Teton =
lime green, North Fork Teton = green, Paintbrush = teal, Skillet = seafoam, Alaska Basin = blue,
South Cascade = purple, South Fork Teton = pink, Wind Cave = salmon.
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Table 1: Site name and abbreviation, hydrologic source, elevation, latitude, longitude, and
average discharge of sample sites, Teton Range, 2019-2020.
Site Name

Abbreviation

Hydrologic
Source

Elevation
(m)

Latitude
NAD83

Longitude
NAD83

Mean Discharge
(L/s)

Drainage
Area
(m^2)

Wind Cave

WN

Icy Seep

2701

43.66573

-110.95596

0.1298

1,140

Paintbrush

PB

Icy Seep

2790

43.78530

-110.79335

0.0984

400,000

South Alaska Basin

AK

Icy Seep

2885

43.69276

-110.85800

0.2041

17,000

South Cascade

SCC

Icy Seep

3167

43.72047

-110.83800

0.2018

92,000

Delta

DL

Surface Glacier

2776

43.73329

-110.77585

2.5633

1,668,000

Middle Teton

MT

Surface Glacier

2876

43.72129

-110.79476

2.6186

112,000

Skillet

SG

Surface Glacier

2717

43.83952

-110.75665

0.5680

744,000

Grizzly

GZ

Snowmelt

2929

43.79763

-110.80713

.0.2788

86,000

South Fork Teton

SFT

Snowmelt

2974

43.69078

-110.84100

0.2453

888,000

North Fork Teton

NFT

Snowmelt

3018

43.77745

-110.85900

0.1285

260,000
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Table 2: Mean and standard deviation values of water temperature, specific conductivity, pH
Pfankuch index, and dissolved oxygen for hydrologic source by site from 2019-2021.
Hydrologic Source

Water Temperature (℃)

Specific Conductivity (uS/cm)

pH

Pfankuch Index

DO (mg/L)

Icy Seep

3.24 (± 2.66)

131.54 (±70.78)

8.20 (±0.35)

22.21 (± 6.77)

10.49 (± 1.24)

Surface Glacier

4.38 (± 2.15)

5.22 (±2.66)

7.46 (±0.69)

34.78 (± 6.53)

10.72 (± 0.77)

Snowmelt

11.52 (± 4.78)

29.59 (±25.24)

7.44 (±0.74)

19.72 (± 5.09)

8.26 (± 0.64)

Site

Water Temperature (℃)

Specific Conductivity (uS/cm)

pH

Pfankuch Index

DO (mg/L)

WN

3.13 (± 0.42)

153.77 (± 4.75)

8.30 (± 0.25)

25.67 (± 5.03)

11.57 (± 1.21)

PB

6.47 (± 3.21)

53.90 (± 24.88)

8.10 (± 0.49)

22.00 (± 2.00)

9.26 (± 0.70)

AK

1.90 (± 0.30)

215.40 (± 20.29)

7.99 (± 0.13)

14.33 (± 0.58)

11.07 (± 1.26)

SCC

1.47 (± 2.29)

103.10 (± 70.38)

8.41 (± 0.44)

26.83 (± 8.89)

10.07 (± 0.45)

DL

2.50 (± 0.26)

7.50 (± 2.07)

8.02 (± 1.23)

28.00 (± 7.00)

11.45 (± 0.38)

MT

3.60 (± 0.61)

3.37 (± 0.87)

7.36 (± 0.83)

38.00 (± 2.00)

10.66 (± 0.53)

SG

7.03 (± 1.12)

4.80 (± 3.17)

7.66 (± 1.05)

38.33 (± 3.79)

10.05 (± 0.69)

GZ

14.13 (± 5.50)

16.70 (± 6.10)

7.95 (± 0.34)

18.67 (± 4.51)

8.39 (± 0.83)

SFT

10.67 (± 3.25)

61.87 (± 11.37)

7.77 (± 0.05)

25.00 (± 1.00)

8.20 (± 0.87)

NFT

9.77 (± 5.90)

10.20 (± 2.42)

6.60 (± 0.68)

15.50 (± 3.50)

8.20 (± 0.36)
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Table 3: One-way and two-way Analysis of Variance and Tukey-HSD post hoc results of 20192021 field parameters and anion/cation concentrations. The one-way Analysis of Variance
compares within hydrologic sources and within sample years. The two-way Analysis of Variance
tested the significance of hydrologic source, sample year, and the interactions between
hydrologic source and sample year. All P values less than 0.05 are considered statistically
significant and noted in bold font.

Two-way ANOVA of hydrologic source and sample year with interaction
term

Temp

SPC

DO

pH

Pfankuch

Nitrate

Sulfate

Fluoride

Chloride

One-way ANOVA TukeyHSD
by hydrologic source

One-way ANOVA
TukeyHSD by sample
year

DF

F

P

Hydrologic source

P

Sample year

P

Hydrologic source

2

8.2420

0.0023

SG-IS

0.2369

2020-2019

0.7068

Sample year

2

1.3430

0.2825

SM-IS

0.0010

2021-2019

0.3918

Hydrologic source:Sample year

4

0.7560

0.5654

SM-SG

0.0791

2021-2020

0.8573

Hydrologic source

2

42.2480

0.0000

SG-IS

0.0000

2020-2019

0.9969

Sample year

2

0.1290

0.8800

SM-IS

0.0001

2021-2019

0.9665

Hydrologic source:Sample year

4

0.3060

0.8710

SM-SG

0.0003

2021-2020

0.9836

Hydrologic source

2

18.2540

0.0000

SG-IS

0.8113

2020-2019

0.9980

Sample year

2

0.3520

0.7070

SM-IS

0.0000

2021-2019

0.8897

Hydrologic source:Sample year

4

0.2010

0.9350

SM-SG

0.0000

2021-2020

0.8612

Hydrologic source

2

6.5130

0.0063

SG-IS

0.0230

2020-2019

0.3106

Sample year

2

3.3760

0.0535

SM-IS

0.0196

2021-2019

0.7765

Hydrologic source:Sample year

4

0.7210

0.5872

SM-SG

0.9975

2021-2020

0.0943

Hydrologic source

2

10.4130

0.0007

SG-IS

0.0014

2020-2019

0.9941

Sample year

2

0.5190

0.6024

SM-IS

0.6328

2021-2019

0.7991

Hydrologic source:Sample year

4

0.3180

0.8624

SM-SG

0.0003

2021-2020

0.7394

Hydrologic source

2

3.1050

0.0658

SG-IS

0.3905

2020-2019

0.6557

Sample year

2

1.0470

0.3686

SM-IS

0.0412

2021-2019

0.3698

Hydrologic source:Sample year

4

0.5160

0.7244

SM-SG

0.4881

2021-2020

0.8774

Hydrologic source

2

17.041

0.0000

SG-IS

0.0002

2020-2019

0.6968

Sample year

2

9.376

0.0012

SM-IS

0.0488

2021-2019

0.1117

Hydrologic source:Sample year

4

0.363

0.8319

SM-SG

0.1167

2021-2020

0.0194

Hydrologic source

2

1.9260

0.1706

SG-IS

0.7299

2020-2019

0.0004

Sample year

2

10.8250

0.0006

SM-IS

0.6535

2021-2019

0.0024

Hydrologic source:Sample year

4

0.2700

0.8939

SM-SG

0.2886

2021-2020

0.7881

Hydrologic source

2

0.8630

0.4360

SG-IS

0.9747

2020-2019

0.0000

Sample year

2

248.934

0.0000

SM-IS

0.9577

2021-2019

0.0000

45

Calcium

Magnesium

Potassium

Sodium

Silica

Hydrologic source:Sample year

4

0.2160

0.9260

SM-SG

0.9980

2021-2020

0.9668

Hydrologic source

2

28.9520

0.0000

SG-IS

0.0000

2020-2019

0.9914

Sample year

2

0.3300

0.7220

SM-IS

0.0002

2021-2019

0.8923

Hydrologic source:Sample year

4

0.3790

0.8210

SM-SG

0.0091

2021-2020

0.9417

Hydrologic source

2

1.0170

0.379

SG-IS

0.3387

2020-2019

0.9679

Sample year

2

0.1120

0.8940

SM-IS

0.4379

2021-2019

0.8677

Hydrologic source:Sample year

4

0.0990

0.9820

SM-SG

0.9830

2021-2020

0.9619

Hydrologic source

2

1.6320

0.2190

SG-IS

0.4687

2020-2019

0.9993

Sample year

2

0.5160

0.6050

SM-IS

0.6354

2021-2019

0.6449

Hydrologic source:Sample year

4

0.1310

0.0990

SM-SG

0.1390

2021-2020

0.6236

Hydrologic source

2

1.8600

0.1805

SG-IS

0.9463

2020-2019

0.3654

Sample year

2

0.0653

0.0653

SM-IS

0.2928

2021-2019

0.0445

Hydrologic source:Sample year

4

0.3590

0.8350

SM-SG

0.2133

2021-2020

0.4904

Hydrologic source

2

4.5200

0.0233

SG-IS

0.0301

2020-2019

0.2126

Sample year

2

4.3660

0.0260

SM-IS

0.7159

2021-2019

0.6390

Hydrologic source:Sample year

4

0.6850

0.6099

SM-SG

0.1883

2021-2020

0.0352
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Table 4: Mean and standard deviation of major cation and anion concentrations (mg/L) from
2019-2021 by hydrologic source and site.
Hydrologic
Source

Fluoride

Chloride

Nitrate

Sulfate

Calcium

Magnesium

Potassium

Sodium

Silica

I.S.

0.27 ( ± 0.19)

0.60 ( ± 0.35)

0.82 ( ± 0.55)

12.43 ( ± 10.66)

16.74 ( ± 10.91)

4.40 ( ± 2.47)

0.8 ( ± 0.40)

0.92 ( ± 0.27)

1.00 ( ± 0.60)

S.G.

0.21 ( ± 0.19)

0.57 ( ± 0.32)

0.58 ( ± 0.17)

0.53 ( ± 0.45)

0.55 ( ± 0.26)

0.08 ( ± 0.10)

0.51 ( ± 0.02)

0.93 ( ± 0.41)

0.43 ( ± 0.21)

S.M.

0.35 ( ± 0.15)

0.62 ( ± 0.28)

0.35 ( ± 0.38)

2.74 ( ± 2.06)

2.88 ( ± 3.04)

0.81 ( ± 1.13)

0.52 ( ± 0.06)

0.73 ( ± 0.12)

0.85 ( ± 0.55)

Site

Fluoride

Chloride

Nitrate

Sulfate

Calcium

Magnesium

Potassium

Sodium

Silica

WN

0.38 ( ± 0.24)

0.63 ( ± 0.41)

0.80 ( ± 0.35)

1.79 ( ± 0.62)

20.86 ( ± 5.07)

5.76 ( ± 0.48)

0.5 ( ± 0.00)

1.05 ( ± 0.39)

0.76 ( ± 0.04)

PB

0.23 ( ± 0.18)

0.46 ( ± 0.31)

0.55 ( ± 0.11)

8.18 ( ± 0.62)

2.38 ( ± 0.68)

0.71 ( ± 0.22)

0.6 ( ± 0.10)

0.93 ( ± 0.27)

0.40 ( ± 0.00)

AK

0.29 ( ± 0.20)

0.62 ( ± 0.33)

0.54 ( ± 0.14)

25.43 ( ± 8.79)

28.88 ( ± 4.67)

6.60 ( ± 0.86)

0.79 ( ± 0.12)

0.89 ( ± 0.35)

1.46 ( ± 0.16)

SCC

0.17 ( ± 0.20)

0.69 ( ± 0.50)

1.40 ( ± 0.88)

14.71 ( ± 8.66)

14.86 ( ± 6.72)

4.54 ( ± 1.46)

1.30 ( ± 0.53)

0.81 ( ± 0.11)

1.38 ( ± 0.89)

DL

0.16 ( ± 0.21)

0.57 ( ± 0.37)

0.70 ( ± 0.12)

0.48 ( ± 0.39)

0.87 ( ± 0.11)

0.18 ( ± 0.13)

0.52 ( ± 0.03)

1.2 ( ± 0.63)

0.68 ( ± 0.68)

MT

0.17 ( ± 0.21)

0.56 ( ± 0.37)

0.63 ( ± 0.09)

0.25 ( ± 0.21)

0.39 ( ± 0.09)

0.03 ( ± 0.00)

0.5 ( ± 0.00)

0.85 ( ± 0.29)

0.37 ( ± 0.08)

SG

0.28 ( ± 0.21)

0.56 ( ± 0.36)

0.40 ( ± 0.14)

0.85 ( ± 0.58)

0.39 ( ± 0.10)

0.03 ( ± 0.00)

0.5 ( ± 0.00)

0.74 ( ± 0.09)

0.25 ( ± 0.10)

GZ

0.36 ( ± 0.20)

0.55 ( ± 0.35)

0.20 ( ± 0.19)

1.79 ( ± 0.62)

1.91 ( ± 0.49)

0.25 ( ± 0.08)

0.5 ( ± 0.00)

0.81 ( ± 0.20)

0.72 ( ± 0.08)

SFT

0.29 ( ± 0.20)

0.55 ( ± 0.37)

0.02 ( ± 0.00)

5.35 ( ± 1.03)

5.91 ( ± 3.85)

2.14 ( ± 1.07)

0.56 ( ± 0.10)

0.69 ( ± 0.00)

1.17 ( ± 0.82)

NFT

0.40 ( ± 0.00)

0.77 ( ± 0.01)

0.82 ( ± 0.10)

1.09 ( ± 0.09)

0.81 ( ± 0.45)

0.05 ( ± 0.07)

0.5 ( ± 0.00)

0.69 ( ± 0.00)

0.66 ( ± 0.57)
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Table 5: One-way Analysis of Variance and Tukey-HSD post hoc results from 2021 including
field parameters, anion concentrations, cation concentrations, and alkalinity concentrations. All P
values less than 0.05 are considered statistically significant and noted in bold font.
Specific Conductivity

Pfankuch

Chloride

Sodium

P

0.0014

P

0.133

P

0.102

P

0.431

SG-RG

0.0011

SG-RG

0.4534245

SG-RG

0.1653847

SG-RG

0.4829776

SM-RG

0.0371

SM-RG

0.5408115

SM-RG

0.1187023

SM-RG

0.5008147

SM-SG

0.0274

SM-SG

0.1163572

SM-SG

0.9636336

SM-SG

0.9993357

Temperature

Bicarbonate

Calcium

Silica

P

0.0139

P

0.00248

P

0.00144

P

0.0658

SG-RG

0.9774

SG-RG

0.0020141

SG-RG

0.0011476

SG-RG

0.0762277

SM-RG

0.0194

SM-RG

0.0306821

SM-RG

0.0289587

SM-RG

0.9401748

SM-SG

0.0245

SM-SG

0.0790863

SM-SG

0.0358029

SM-SG

0.1168665

DO

Nitrate

Magnesium

Fluoride

0.0186

P

0.232

P

0.00835

P

0.693

SG-RG

0.8691115

SG-RG

0.4374859

SG-RG

0.0070616

SG-RG

0.98132

SM-RG

0.0219838

SM-RG

0.2203058

SM-RG

0.2281869

SM-RG

0.796126

SM-SG

0.0401403

SM-SG

0.8363554

SM-SG

0.0579665

SM-SG

0.693449

P

pH

Sulfate

Potassium

P

0.173

P

0.0246

P

0.2

SG-RG

0.1917729

SG-RG

0.0208560

SG-RG

0.2241433

SM-RG

0.2626435

SM-RG

0.3267721

SM-RG

0.2876506

SM-SG

0.9657364

SM-SG

0.1435002

SM-SG

0.9777074
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Table 6: Mean and standard deviation for diatom species richness and cell density values by
hydrologic source and site, 2019.
Hydrologic Source

Species Richness

Cell Density (cells/mm2)

Icy Seep

11.9 (±4.9)

409.1 (±438.2)

Surface Glacier

11.2 (±3.9)

49.7 (±49.2)

Snowmelt

21.2 (±5.4)

1569.5 (±2364.3)

Site

Species Richness

Cell Density (cells/mm2)

WN

16.0 (±3.5)

832.9 (±572.2)

PB

12.0 (±5.2)

164.5 (±143.7)

AK

7.0 (±5.2)

217.0 (±305.3)

SCC

12.7 (±1.2)

422.1 (±447.5)

DL

12.0 (±4.4)

85.9 (±48.1)

MT

8.3 (±2.5)

17.3 (±11.5)

SG

13.3 (±4.0)

45.9 (±60.8)

GZ

21.0 (±3.5)

654.8 (±420.5)

SFT

19.7 (±9.0)

162.7 (±48.1)

NFT

23.0 (±3.6)

3890.9 (±48.1)
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Table 7: 2019 Analysis of Variance and Tukey HSD post hoc test of diatom data by hydrologic
source. All P values less than 0.05 are considered statistically significant and noted in bold font.
Cell Density

Species Richness

P

0.00604

P

0.0164

SG-IS

0.0695796

SG-IS

0.9768577

SM-IS

0.3553131

SM-IS

0.0202386

SM-SG

0.0047174

SM-SG

0.0474754
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Table 8: Top five most abundant species and their total abundance along transects in each
hydrologic source and site. Icy seep top five most abundant species are split into two categories,
one including Wind Cave and one without Wind Cave.
Icy Seeps

Icy Seeps w/out WN

Surface Glaciers

Snowmelt

Odontidium mesodon

786.5

Gomphonema sp 1

604.75

Odontidium mesodon

468.25

Hannaea arcus

792.25

Gomphonema sp 1

750.25

Gomphonema sp 3

571.25

Meridion circulare

95.5

Odontidium mesodon

693.5

Gomphonema sp 3

596.5

Meridion anceps

529.75

Achnanthidium sp 2

51.75

Achnanthidium sp 2

270

Meridion anceps

529.75

Encyonema minutum

194.75

Hannaea arcus

34.75

Achnanthidium sp 1

227.75

Encyonema minutum

220.25

Gomphonema sp 4

168.75

Encyonema cf.obscurum

32.5

Meridion circulare

194.75

Icy Seeps
Wind Cave

Paintbrush

South Alaska Basin

South Cascade

Odontidium mesodon

778.25

Meridion anceps

529.75

Gomphonema sp 1

290.5

Gomphonema sp 3

445.5

Meridion circulare

167.5

Encyonema minutum

102

Gomphonema sp 3

107

Gomphonema sp 1

305.75

Gomphonema sp 1

145.5

Hannaea arcus

81.25

49.75

Gomphonema sp 4

144.25

Navicula cincta

91.5

18.75

45.75

Gomphonema sp 2

91.5

Encyonema minutum

25.5

Gomphonema sp 3
Luticola
goeppertiana

Gomphonema sp 2
Planithidium
lanceolatum

10.25

Meridion circulare

42.75

Encyonema minutum

63.5

Surface Glaciers
Delta

Middle Teton

Skillet

Odontidium mesodon

312

Meridon circulare

33

Odontidium mesodon

130.75

Achnanthidium sp 2

43.75

25.5

Meridion circulare

25.5

Meridion circulare

37

Odontidium mesodon
Psammothidium
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